represents a new polymorph of this composition. The Cs and Li compounds grew at room temperature from highly acidic aqueous solutions. Li 2 (H 2 PO 4 ) 2 forms a three-dimensional (3D) framework of PO 4 tetrahedra sharing corners with Li 2 O 6 dimers built of edge-sharing LiO 4 groups, which is reinforced by hydrogen bonds. The two arsenate compounds are characterized by a 3D network of AsO 4 groups that are connected solely via multiple strong hydrogen bonds. A statistical evaluation of the As-O bond lengths in singly, doubly and triply protonated AsO 4 groups gave average values of 1.70 (2) Å for 199 As-OH bonds, 1.728 (19) Å for As-OH bonds in HAsO 4 groups, 1.714 (12) Å for As-OH bonds in H 2 AsO 4 groups and 1.694 (16) Å for As-OH bonds in H 3 AsO 4 groups, and a grand mean value of 1.667 (18) Å for As-O bonds to nonprotonated O atoms.
Introduction
M + phosphates and arsenates, and their crystal structures and physicochemical properties, have been extensively studied. Several compounds exhibit interesting properties, such as protonic conductivity (Chouchene et al., 2017a,b; Volkov et al., 1995 Volkov et al., , 1997 Voronov et al., 2013; Dekhili et al., 2018) or nonlinear optical properties (Dhouib et al., 2014a (Dhouib et al., , 2017 Kumaresan et al., 2008) .
To further increase the knowledge about the possible compounds and structure types of M + -M 3+ arsenates, a comprehensive study of the system M + -M 3+ -O-(H-)As/P 5+ (M + = Li, Na, K, Rb, Cs, Ag, Tl and NH 4 ; M 3+ = Al, Ga, In, Sc, Fe, Cr and Tl) was undertaken, which led to a large number of new structure types that have been published (Schwendtner, 2006; Schwendtner & Kolitsch, 2004a ,b, 2005 , 2007a ,b,c, 2017a ,b, 2018 . The three compounds structurally characterized in the present article are by-products of this comprehensive study. The following paragraphs provide brief backgrounds to the families of materials to which the three compounds belong.
Lithium phosphates are rather common and the system Li-H-P-O has been widely studied because of the proton conductivity of compounds like LiH 2 PO 4 (Catti & Ivaldi, 1978) . The title compound Li 2 (H 2 PO 4 ) 2 is a new polymorph of ISSN 2053 ISSN -2296 2. Experimental
Synthesis and crystallization
Analytical grade chemicals were used for all syntheses. NH 4 (H 2 AsO 4 )(H 3 AsO 4 ) was grown by hydrothermal methods (T = 493 K, 7 d, Teflon-lined stainless steel autoclave) from a mixture of In 2 O 3 and H 3 AsO 4 Á0.5H 2 O in an approximate volume ratio of 1:10 and 10 drops of NH 4 (OH) (32%). No additional H 2 O was added. The reaction product was a solid mass of colourless intergrown crystals with less than 10 vol% of a yellow unidentified material. The NH 4 (H 2 AsO 4 )-(H 3 AsO 4 ) crystals are stable in air.
Cs(H 2 AsO 4 )(H 3 AsO 4 ) 2 formed as the secondary product from further reaction of hydrothermally grown CsAs 3 O 8 (Schwendtner & Kolitsch, 2007a) . CsAs 3 O 8 contains AsO 6 groups, is highly hygroscopic and, at room temperature, decomposes to a highly acidic liquid in which rounded prismatic glassy colourless crystals of Cs(H 2 AsO 4 )(H 3 AsO 4 ) 2 grew within a few weeks.
Li 2 (H 2 PO 4 ) 2 was also a secondary product of a hydrothermal run (T = 493 K, 7 d, Teflon-lined stainless steel autoclave) from a mixture of Li 2 CO 3 , Ga 2 O 3 , phosphoric acid and distilled water. The initial and final pH values were both about 1. aggregates of rounded hexagonal prisms of GaPO 4 . From the remaining acidic liquid of the synthesis, Li 2 (H 2 PO 4 ) 2 grew as colourless crude block-shaped crystals by slow evaporation at room temperature.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . NH 4 (H 2 AsO 4 )(H 3 AsO 4 ) disintegrated ('melted') during the measurement, so only the first two sets or 65% of the Ewald sphere could be measured. Specifically, we note that out of the nine sets collected, the first two were fully usable (no decay visible); the decay only started with set 3, so we ignored sets 3-9. We did not observe any anomalous behaviour of the data set during scaling. The remaining sets showed a pseudocubic I-centred tetragonal unit cell, with approximate a and c values of 7.68 and 7.69 Å , respectively; possibly NH 4 (H 2 AsO 4 )(H 3 AsO 4 ) recrystallized to pseudocubic I42d-type (NH 4 )H 2 AsO 4 (Fukami, 1989) . Nine reflections with negative intensities (blocked by the beam stop) were omitted from the refinement. All N-H and O-H bonds were restricted to 0.9 AE 0.2 Å , as was the O6-H6 bond in Cs(H 2 AsO 4 )(H 3 AsO 4 ) 2 . The O-H bonds in Li 2 (H 2 PO 4 ) 2 were not restrained as they refined to reasonable values for refinements based on the X-ray diffraction data sets.
Results and discussion
The asymmetric unit of Cs(H 2 AsO 4 )(H 3 AsO 4 ) 2 contains one Cs, three As, 12 O and eight H atoms (Fig. 1) . The Cs atom is 12-coordinated, with the Cs-O bond lengths varying between 3.1202 (17) and 3.934 (3) Å (Table 2 ). The average Cs-O bond length (3.458 Å ) is considerably longer than the statistical average of 3.377 Å for 12-coordinated Cs atoms (Gagné & Hawthorne, 2016) , explaining the low bond-valence sum (BVS; Gagné & Hawthorne, 2015) of 0.85 v.u. The As-O bond lengths are very similar for the doubly (As3) and triply protonated (As1 and As2) As atoms (1.683-1.681 Å ) and slightly shorter than the statistical average of 1.687 Å (Gagné & Hawthorne, 2018a) . Since two/three O atoms of the coordination polyhedra are protonated, the As-O bond lengths are only slightly elongated compared to unprotonated O atoms. The BVSs of the three As atoms are between 5.06 and 5.09 v.u. and thus close to the expected value, whereas all O atoms are considerably underbonded, with BVSs ranging from 1.22 to 1.53 v.u., and are all either donors or acceptors of hydrogen bonds. The latter are strong (compared to the other H 3 AsO 4 -containing compounds cited above), with O-HÁ Á ÁO distances in the range 2.524 (2)-2.664 (2) Å (Table 3) and connect the individual protonated AsO 4 tetrahedra into a three-dimensional (3D) network (Figs. 2a-c 
Figure 1
The principal building unit of Cs(H 2 AsO 4 )(H 3 AsO 4 ) 2 , shown as displacement ellipsoids at the 70% probability level. The symmetry codes are as defined in Table 2 . direction, the structure forms tunnels walled by AsO 4 tetrahedra in which the Cs atom is located (Fig. 2d) . The structure of (NH 4 )(H 2 AsO 4 )(H 3 AsO 4 ) is homeotypic with that of Rb(H 2 AsO 4 )(H 3 AsO 4 ) ; the Rb + cation is replaced by an NH 4 + group providing additional hydrogen bonds to the atomic arrangement. This structure type is also closely related to that of CsH 5 (AsO 4 ) 2 , which can be seen as a distorted version of the Rb(H 2 AsO 4 )(H 3 AsO 4 ) structure type. The structure of (NH 4 )(H 2 AsO 4 )(H 3 AsO 4 ) is built of individual, doubly or triply protonated AsO 4 tetrahedra that are connected via strong hydrogen bonds into a 3D network (Figs. 3, 4a and 4b) . The NH 4 + groups lie in voids and further reinforce the network via medium-to-weak strength hydrogen bonds. AsO 4 tetrahedra and NH 4 + cations are arranged in layers perpendicular to c (Fig. 4) . The NH 4 + cation is ten-coordinated, with an average N-O bond distance of 3.112 Å (Table 4) , leading to a BVS of 0.97 v.u. (García-Rodríguez et al., 2000) . Both AsO 4 groups are overbonded (5.08 and 5.13 v.u. for As1 and As2, respectively), although the average As-O bond lengths (1.682 and 1.678 Å ) are fairly close to the statistical average of 1.687 Å (Gagné & Hawthorne, 2018a) . All O atoms are considerably underbonded and participate in a complex hydrogen-bonding network (Table 5) . In Rb(H 2 AsO 4 )(H 3 AsO 4 ) , there are some very strong hydrogen bonds present (2.432 Å ) that connect the structure along the c axis. Hydrogen bonds with O-HÁ Á ÁO distances < 2.5 Å are also present in many isostoichiometric M + H 5 (PO 4 ) 2 compounds [see compilation in ]. In (NH 4 )-(H 2 AsO 4 )(H 3 AsO 4 ), these O-HÁ Á ÁO hydrogen bonds are still strong but considerably longer, ranging from 2.568 (8) to 2.653 (9) Å . This is probably due to a small shift of the atom positions in the two compounds, seen also from an inspection of the unit cells of the two homeotypic compounds. While unitcell parameters a and b are quite similar and 0.003 and 0.033 Å longer, respectively, in the ammonium compound, unit-cell research papers 
Figure 3
The principal building unit of (NH 4 )(H 2 AsO 4 )(H 3 AsO 4 ), shown as displacement ellipsoids at the 70% probability level. Hydrogen bonds are shown as blue dashed lines. (2) 1.78 (6) 2.590 (7) 150 (11) Symmetry codes:
parameter c is considerably shorter [19.623 (4) (Fig. 7b) . Each corner of the LiO 4 tetrahedra shares a corner with a PO 4 tetrahedron, thus connecting the Li 2 O 6 dimers into a 3D network (Figs. 7a and 7b ). This network is reinforced by hydrogen bonds of medium-to-high strength (Table 6 ). In the orthorhombic (Pna2 1 ) dimorph of Li(H 2 PO 4 ) (Catti & Ivaldi, 1978) , which is characterized by a high electrical (proton) conductivity (Hwan Oh et al., 2010) , the LiO 4 tetrahedra share corners, thus forming chains that are connected by the PO 4 groups. In monoclinic Li 2 (H 2 PO 4 ) 2 , the average (Table 7 ) Li-O (1.951 and 1.953 Å ) and P-O (1.539 and 1.537 Å ) bond lengths are very close to the statistical average of 1.972 Å (Gagné & Hawthorne, 2016) for Li-O and 1.537 Å (Gagné & Hawthorne, 2018b) Comparison of (a) homeotypic (NH 4 )(H 2 AsO 4 )(H 3 AsO 4 ) with (b) Rb(H 2 AsO 4 )(H 3 AsO 4 ) . A shift (arrows in figure) of As1 in the b direction leads to a compression of the whole structure along c, and results in a change of the hydrogen-bonding network. Hydrogen bonds connecting As2O 4 tetrahedra along b are lost in (NH 4 )(H 2 AsO 4 )(H 3 AsO 4 ), but new hydrogen bonds now connect As1O 4 and As2O 4 along c.
Figure 6
The principal building unit of Li 2 (H 2 PO 4 ) 2 , shown with displacement ellipsoids at the 70% probability level. The symmetry codes are as defined in Table 7 . 
bond lengths. This is also reflected by the nearly ideal BVSs (Gagné & Hawthorne, 2015) of 1.01 and 1.00 v.u. for Li1 and Li2, respectively, and 4.98 and 5.00 v.u. for P1 and P2, respectively. The most underbonded O atoms (O3, O4, O7 and O8, with BVSs of 1.16-1.37 v.u.) form strong-to-medium hydrogen bonds (Table 6 ). A comparison of the X-ray densities of monoclinic Li 2 (H 2 PO 4 ) 2 (2.123 kg m
À3
) and its orthorhombic dimorph LiH 2 PO 4 (Catti & Ivaldi, 1978) (2.09 kg m À3 ) suggests that monoclinic Li 2 (H 2 PO 4 ) 2 is slightly denser and therefore thermodynamically slightly more stable, at least under ambient conditions. Orthorhombic LiH 2 PO 4 shows no phase transition between room temperature and 100 (Hwan Oh et al., 2010) or 17 K (Lee et al., 2008) . We note that monoclinic Li 2 (H 2 PO 4 ) 2 most probably has an isotypic arsenate analogue, since Remy & Bachet (1967) were able to synthesize monoclinic Li 2 (H 2 AsO 4 ) 2 , with a = 5.55, b = 16.36, c = 7.80 Å , = 90.53 and space group P2 1 /n, although they did not determine its crystal structure. Orthorhombic Li(H 2 PO 4 ) also has an isotypic arsenate analogue, the crystal structure of which was reported by Fanchon et al. (1987) , who pointed out a slight rearrangement in one of the two independent hydrogen bonds.
Statistical evaluation of As-O bonds in protonated AsO 4 groups
Several statistical analyses of bond lengths in As 5+ O 4 polyhedra have been published recently. Gagné & Hawthorne (2018a) reported average As-O bond lengths of 1.687 (27) Å in AsO 4 and 1.830 (28) Å in AsO 6 groups, derived from 508 and 13 polyhedra, respectively. Schwendtner (2008) found similar values of 1.686 (29) and 1.827 (29) Å for a larger sample size of 704 AsO 4 and 40 AsO 6 polyhedra, respectively. An analysis of As-O bond lengths in minerals by Majzlan et al. (2014) gave a very similar value of 1.685 Å (no s.u. given) for the average As-O bond length and a value of 1.727 Å (no s.u. given) for As-OH bonds. Data for As-O bond lengths in multiply protonated As 5+ O x (x = 4 and 6) polyhedra are scarce (especially those for H 3 AsO 4 groups) due to the rare occurrence of compounds containing such polyhedra. An earlier attempt by Ichikawa (1988) to carry out a statistical analysis of the hydrogen-bond-length dependence of the distortion in H n AsO 4 (n = 1-3) tetrahedra was severely hampered for the doubly and triply protonated representatives, since data for only six H 2 AsO 4 and two H 3 AsO 4 groups were available, and no pertinent conclusions were possible. As the number of synthetic compounds and minerals containing H n AsO 4 (n = 1-3) groups has considerably increased in the last three decades, we were able to perform a detailed analysis of As-O/OH bonds in H n AsO 4 (n = 1-3) groups using data from the ICSD database (FIZ, 2018) (conventional R value < 5, full occupancy of As and O sites), expanded by the published data for known H 3 AsO 4 -containing inorganic compounds mentioned in the Introduction (x1), and the two novel title arsenate compounds (Table 8 and Fig. 8 ).
The average As-O/OH bond length for the 97 analysed H n AsO 4 (n = 1-3) groups of 1.686 (27) Å is nearly identical to the value reported by Gagné & Hawthorne (2018a) , but the individual bond lengths vary greatly with the number of As-OH bonds in the respective polyhedra. While the As-OH bonds are extremely elongated to 1.728 (19) Å in HAsO 4 groups and to 1.714 (12) Å in H 2 AsO 4 groups, the average As-OH bond length is considerably shorter, with a value of 1.694 (16) Å in the rare H 3 AsO 4 groups. This result is in agreement with the observation of Ferraris & Ivaldi (1984) that the average length of X-OH (X = As and P) bonds tends to decrease from mono-to triprotonated anions with the same research papers X atom. We also find that the As bonds to nonprotonated O atoms in H 3 AsO 4 groups are shortened to 1.671 (23) Å . If As-O bonds involving bridging O ligands (as present in the As 2 O 7 groups in pyroarsenates), i.e. As-O-As bonds, are removed from the data set because they are known to be anomalously elongated due to As-As repulsion, the value is even shorter, i.e. 1.667 (18) Å . A special case are As-O bonds to half-occupied H-atom positions; these are actually shortened to 1.683 (13) Å . Excluding split H-atom positions, the grand mean average As-OH bond length in H n AsO 4 (n = 1-3) groups is 1.714 (21) Å and thus considerably shorter than the value of 1.727 Å derived by Majzlan et al. (2014) , whose evaluation was based mainly on H 1-2 AsO 4 groups. A visual analysis of the individual As-O bond lengths compared to the averages of the H n AsO 4 (n = 1-3) groups (Fig. 8) shows that they form clearly distributed clouds, depending on the number of H atoms. The average As-O/OH bond lengths of the polyhedra, as well as the individual As-OH bond lengths, are largest in HAsO 4 groups and show a narrower distribution in H 2 AsO 4 . The population of H 3 AsO 4 groups is characterized by shorter individual As-OH bond lengths but also a shorter average As-OH bond length of the polyhedra. It can also be recognized that the whole data set shows a strong concentration of bonds at around ca 1.687 Å and that all the shortest bonds are to the nonprotonated O atoms of each H n AsO 4 (n = 1-3) group (blue cloud in Fig. 8 , cf. Table 8 ). This is expected because the As atom in each H n AsO 4 tries to achieve a BVS of 5, and due to the elongation of all the bonds to protonated O atoms, the remaining As-O bonds have to shorten accordingly. This also explains why both the individual As-OH bond lengths and average As-O(H) bond lengths decrease with increasing protonation. In the case of singly protonated AsO 4 groups, the three As-O bonds need to become slightly shortened in order to still achieve a BVS of 5, at the expense of a high bond-length distortion in this tetrahedron. In agreement with the distortion theorem (Brown & Shannon, 1973) , this results in a slightly higher value of the average As-O(H) bond length of 1.689 (6) Å in HAsO 4 groups (vertical range of red cloud in Fig. 8 ) versus a corresponding value of 1.688 (3) Å in H 2 AsO 4 groups (vertical range of yellow cloud) and the notably lower value of 1.680 (7) Å in H 3 AsO 4 groups (vertical range of turquoise cloud). This low value in the latter is a consequence of three competing As-OH bonds which can only be counteracted by one As-O bond. This leads to three similarly short As-OH bonds and one even shorter As-O bond, i.e. a small bond-length distortion. The overall spread of values is a consequence of the variable strengths of the hydrogen bonds in the individual compounds. A conspicuous outlier in Fig. 8 (e.g. in the topright corner) may be explained by the influence of a very strong hydrogen bond in Mg(HAsO 4 )(H 2 O) 7 , with an OÁ Á ÁO donor-acceptor distance of 2.491 Å (no s.u. given; Ferraris & Franchini-Angela, 1973 ). Comparison of As-O distances in H n AsO 4 (n = 1-3) groups, sorted by As-OH bonds into clouds for H 3 AsO 4 (turquoise), H 2 AsO 4 (yellow) and HAsO 4 (red) groups. As-OH bonds to split H-atom positions are shown in green, while all bonds to the remaining nonprotonated O atoms are shown in blue. (Sheldrick, 2015) ; molecular graphics: DIAMOND (Brandenburg, 2005) ; software used to prepare material for publication: publCIF (Westrip, 2010).
Caesium dihydrogen arsenate(V) bis[trihydrogen arsenate(V)] (CsH2AsO4H3AsO42)
Crystal data Extinction correction: SHELXL2016 (Sheldrick, 2015) , Fc
Extinction coefficient: 0.00340 (11)
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. (2) As2-O7-Cs1 101.06 (9) Symmetry codes: Extinction correction: SHELXL2016 (Sheldrick, 2015) , Fc
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å
Extinction coefficient: 0.032 (2)
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Geometric parameters (Å, º) Extinction coefficient: 0.0011 (5) Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å
Li1-O5 1.888 (2) P1-O2 1.5043 (8) Li1-O6 i 1.902 (2) P1-O3 1.5588 (9) Li1-O8 ii 1.967 (2) P1-O4 1.5917 (8) Li1-O2 2.045 (2) P2-O5 1.4944 (8) Li1-Li2

